Abstract
25
The mapping product has been carefully evaluated, first firstly by comparing maps constructed 26 using only forward trajectories and using only backward trajectories. The two methods show 27 similar global CO distribution patterns. The magnitude of their differences is most commonly
28
10% or less, and found to be less than 30% for almost all cases. Secondly, tThe method has also 29 been validated by comparing profiles for individual airports with those produced by the mapping 30 method when data from that site are excluded. While there are larger differences below 2 km, the 31 two methods agree very well between 2 and 10 km with the magnitude of biases within 20%.
32
Finally, the mapping product is compared with global MOZAIC-IAGOS cruise-level data, which CO a good atmospheric tracer gas for anthropogenic emissions as its lifetime allows it to be used 1 as an indicator of how large-scale atmospheric transport redistributes pollutants on a global scale.
2
CO plays a vital role in the chemistry of the atmosphere. This significance mainly comes from 3 the influence of CO on the concentrations and distributions of the atmospheric oxidants, ozone 4 (O 3 ), the hydroperoxy (HO 2 ) and hydroxyl radicals (OH) (e.g. Novelli et al., 1994 Novelli et al., , 1998 ).
5
Reaction (R1) between CO and OH represents 90-95% of the CO sink (Logan et al., 1981) , and 6 about 75% of the removal of OH (Thompson, 1992) 
22
Global atmospheric chemistry models require accurate CO concentrations on a global scale in 23 order to define spatial and temporal variations of atmospheric oxidants and CO. For this reason 24 measurements of CO are made by different kinds of remote sensing and in situ instruments, in 25 ground-based networks, aircraft programmes and from space (Novelli et al., 1994 (Novelli et al., , 1998 ; In-service Aircraft for a Global Observing System (IAGOS), and its predecessor The airports visited by aircraft equipped with MOZAIC-IAGOS instrumentation are shown in airports used for the validation in this study.
19
The sampled data from these airports are unevenly distributed spatially, and also temporally 20 because the frequency of visits to airports by aircraft that take part in MOZAIC-IAGOS varies 21 considerably depending on commercial airlines' operational constraints. Thus at Frankfurt, 
MOPITT

26
MOPITT is a nadir-viewing gas correlation radiometer which provides global atmospheric 27 profiles of CO volume mixing ratio (VMR) and CO total column values using near-infrared 28 radiation at 2.3 µm and thermal-infrared radiation at 4.7 µm (Drummond and Mand, 1996 assigned according to the formula:
20
where R is the correlation length (taken as 700 km in the troposphere and 1500 km in the 21 stratosphere), and t is the age of the trajectory in days.
22
The trajectory mapping greatly spreads out the in situ CO information along the trajectory paths, shows the highest error and the lowest number of samples per grid cell. 
MOZAIC-IAGOS Comparison with MOPITT
14
When comparing the MOPITT retrievals with in situ data, it is necessary to take into account the where is the identity matrix and is the retrieval error due to random errors in the 26 measurement and systematic errors in the forward model (e.g., the error in the atmospheric 27 temperature retrieval). , , and are expressed in terms of the logarithm of the VMR.
28
The averaging kernels provide the relative weighting between the true and a priori profiles and is described by the shapes of the averaging kernels. Figure 3 shows that the kernels are broad retrieved at a given level, of the true and a priori (via I -A) CO profiles at all pressure levels (Eq.
8
(2)). Where the area under the averaging kernel is smaller, the a priori information in the 9 retrieved CO profile is relatively larger. MOPITT CO averaging kernels exhibit variability from 10 month to month, season to season as well as nighttime to daytime, depending on the atmospheric 11 temperature profile, surface pressure and the CO profile itself.
12
The vertical coordinate of the MOZAIC-IAGOS climatology profile is kilometers above sea 13 level, while the MOPITT a priori profile and averaging kernels are on pressure levels in hPa.
14 Therefore, before applying the MOPITT averaging kernels the climatology data were 15 interpolated using NCEP global pressure profiles that vary as a function of time (month) and 16 latitude, to the 10 vertical pressure grid levels (1000, 900, 800, 700, 600, 500, 400, 300, 200, and above the maximum MOZAIC-IAGOS profile altitude, the MOPITT a priori profiles were used.
20
In order to compare with these transformed CO profiles, the MOPITT CO profiles, averaging where T indicates the transpose operation and t is the total column vectors. The CO total column 1 averaging kernel can be calculated from the profile averaging kernels by
The column operator simply converts the mixing ratio for each retrieval level to a partial column 4 amount. Using the hydrostatic relation, the operator is expressed as
Equation (5) is expressed in molecules/cm 2 /ppbv and is the vector of the thicknesses of the 7 retrieval pressure levels (in hPa). 25 As a first step in validation of the trajectory-mapped climatology, Figs. 4 and S1 assess the 26 differences between the CO mapping produced using only backward and only forward 27 trajectories for different seasons using the 7.5 km level as an example. If chemistry (i.e. local 28 sources or sinks) were a significant source of error then one would expect to see differences 29 between these maps. In fact, the CO distribution patterns are very similar (Fig. 4) 
Comparison of trajectory-mapped MOZAIC-IAGOS CO profiles
Comparison between trajectory-mapped and in situ profiles
10
A good test of an interpolation model is to examine how it performs in areas where no data are 11 available. Figure 5 compares the trajectory-mapped climatology profiles at three airport sites
12
(Frankfurt, Germany; Houston, USA; and Tokyo, Japan) with the average of the MOZAIC- excluding data from that location, but using all other MOZAIC-IAGOS data.
16
Generally, the profiles from the two methods agree very well and the agreement is especially 17 good in the free troposphere, at altitudes between 2 and 10 km. Referring to the bottom panels of error bar half-length is twice the standard error of the mean (equivalent to 95% confidence limits 25 on the averages when the number of data points is large). There are larger differences below 2 km where trajectories have larger errors predominantly due 31 to complex dispersion and turbulence in the planetary boundary layer [Stohl and Seibert, 1998 ] . This may be due to over-correction of trajectories for terrain differences. Overall, the qualitative 26 agreement between the trajectory-mapped CO and MOZAIC-IAGOS in situ CO cruise data 27 appears very good, even in remote areas. broad and weak averaging kernels for the 100 and 1000 mbar levels indicate that a significant 7 fraction of the information in the retrieval is from the a priori profile and from other altitudes. 
27
A global comparison between the trajectory-mapped MOZAIC-IAGOS climatology and
28
MOPITT at 600 hPa is displayed in Fig. 11 . As can be seen, both datasets capture major features 29 of the CO distribution, particularly anthropogenically polluted (i.e., northeast China) and 30 biomass burning (i.e., west Africa, central Africa, South Africa and central America) regions.
31
The CO-rich air in the lower troposphere over west Africa, where biomass burning fires are 
Comparison with MOPITT CO total column values
17
In the same manner as we have done for the retrieved CO profiles, the retrievals of CO total 18 column may be compared against total column values derived from in situ profiles . where is the a priori total column value corresponding to the a priori profile , is 23 the CO total column averaging kernel and is the in situ profile.
24
We have calculated the global total CO columns for both the MOZAIC-IAGOS CO climatology
25
(using the MOPITT a priori and averaging kernels by applying Eq. (6)) and for MOPITT CO Figure 12 shows global total column CO for four seasons. It is clear that
32
MOPITT and the climatology are similarly able to capture the CO spatial variability. In NH 33 autumn, elevated total column CO is seen over South America, southeast Asia and west African 34 which is due primarily to agricultural biomass burning in the regions. High total column CO is 35 seen in all seasons over eastern China, which is one of the major emission regions in the world.
36
Northern hemispheric total columns are much higher than those in the southern hemisphere, and 1 CO is somewhat more abundant in the NH winter, which is expected due to the lower amounts of effect; however the averaging kernels (Fig. 3) are not very sensitive to CO in the boundary layer. we observe high CO from September to November, during the agricultural burning season.
33
Although Fig. 14 shows a 12-year global map, the strong enhanced CO over these regions (west
34
Africa, South America, and southeast Asia) is clearly observable as an annual feature with 1 significant interannual variability. 14 As can be seen from Fig. 15 , CO shows distinct seasonal cycles in both hemispheres. In the NH 15 extratropics (Fig. 15c) , maximum CO VMR is observed in February-April following a steady 16 increase during fall and winter. This is followed by a rapid decrease to the lowest CO levels in (Fig. 15d) , CO levels peak in September-October. This is consistent with previous 20 studies by Novelli et al. (1998) . In the SH, the annual CO maximum is earlier at lower altitudes. figures, and also the variation of the interhemispheric CO VMR gradient throughout the year.
33
The strongest interhemispheric gradient occurs in March, at low altitude, and the smallest 34 gradients are seen in northern summer. The gradient in NH spring reverses at higher altitudes, 1 and in NH fall where it is especially strong at higher altitudes. Plots 14e, f also clearly show the 2 weak seasonal cycle in the NH upper troposphere compared to that in the SH. 
Global variation and trends of CO
13
The smoothed time series of the NH extratropical zonal mean CO VMR at 900, 700, 500, and in the lower troposphere, they seem to agree well at higher levels. The untransformed trajectory-
30
mapped MOZAIC-IAGOS data show higher CO levels than MOPITT CO retrievals at all levels. global scales.
13
The trajectory-mapped CO dataset has been validated by comparing maps constructed using only as 12% for MOZAIC-IAGOS in the lower troposphere. This is probably due to the "airport 30 effect", a sampling bias that occurs because commercial aircraft operate from large airports near 31 large cities, with typically elevated CO levels in the boundary layer.
32
The trajectory-mapped CO dataset has also been extensively compared with MOPITT retrievals.
33
Between 700 and 300 hPa, a prominent bias, declining with time, exists between MOZAIC-
34
IAGOS and MOPITT L3 V6 TIR/NIR products. Nédélec,Nedelec P., Cammas J. P., Thouret V., Athier G., Cousin J. M., Legrand C., Abonnel C., 
